Normal human brain volume is heritable. The genes responsible for variation in brain volume are not known. Microcephalin (MCPH1) and ASPM (abnormal spindle-like microcephaly associated) have been proposed as candidate genes since mutations in both genes are associated with microcephaly and common variants of each gene are apparently under strong positive selective pressure. In 120 normal subjects, we genotyped these variants and measured brain volumes using magnetic resonance imaging. We found no evidence that the selected alleles were associated with increases or decreases in brain volume. This result suggests that the selective pressure on these genes may be related to subtle neurobiological effects or to their expression outside the brain.
Introduction
Variations in normal human brain size are genetically mediated, with heritability estimates in larger studies ranging from 65-93% (1,2) after correcting for well-known sexual dimorphism (3) . None of the genes contributing to this normal variability have yet been identified, though several genes accounting for pathologically abnormal brain size are known. It has been recently suggested that high frequency normal variants of two genes associated with autosomal recessive microcephaly, Microcephalin (MCPH1) on Chromosome 8p23 and ASPM (abnormal spindle-like microcephaly associated) on Chromosome 1q31, have been under strong positive selective pressure in modern humans (4, 5) . Evidence also suggests strong selective pressure on these two genes in the evolutionary lineages leading from monkeys and apes to humans (6) (7) (8) (9) (10) .
For MCPH1, a single nucleotide polymorphism (SNP) in exon 8 at position 37995, designated G37995C, is consistently found in the high frequency haplotype reported to be under positive selective pressure and in genealogically closely related haplotypes, but is rarely found in the ancestral haplotypes (4) . The G37995C SNP is estimated to have arisen 37,000 years ago; strong linkage disequilibrium with this SNP extends over a 29-kb region of the gene, so it is possible that positive selective pressure is acting on other variants sharing the same haplotype with G37995C. Similarly, for ASPM, a SNP in exon 18 at position 44871, designated A44871G, is associated with the selected haplotype, minor variants of the selected haplotype, and recombinants derived from these haplotypes to have lived 5800 years ago, and linkage disequilibrium with A44871G extends over a 62.1-kb region (5) . If the positive selective pressure associated with these two genes is related to increased brain size, the G37995C SNP of MCPH1 and the A44871G SNP of ASPM should be associated with increased brain volume. To test this hypothesis, we genotyped these variants and measured brain volumes in a sample of normal adults who had undergone magnetic resonance imaging as part of an ongoing study conducted by the International Consortium for Brain Mapping (11) . Our findings do not support a major role for normal variants of these genes in determining brain size.
Results
We genotyped subjects for the MCPH1 G37995C and ASPM A44871G SNP's. Subjects who categorized themselves as African American, Middle Eastern or "other" were genotyped, but excluded a priori from statistical analysis because the numbers of subjects with distinct genotypes was insufficient to warrant inclusion; post hoc reanalysis including these groups did not alter the findings presented here. One hundred twenty subjects were included for statistical analysis. The G37995C allele of MCPH1 had an overall frequency of 82% and was in Hardy-Weinberg equilibrium among the selfdescribed Asian (P=0.16), Caucasian (P=0.67) and Hispanic (P=1.0) sub-populations and in the three sub-populations combined using Fisher's method (chi-squared=4.4, df=6, P=0.62). The A44871G allele of ASPM had an overall frequency of 33% and was in Hardy-Weinberg equilibrium among self-described Asians (P=0.56) and Hispanics (P=1.0) but among self-described Caucasians was present more often in heterozygotes at Pennsylvania State University on http://hmg.oxfordjournals.org/ Downloaded from and less often in homozygotes than predicted (P=0.014). However after Bonferroni correction for the six comparisons performed (two genes in each of three populations), this departure from Hardy-Weinberg equilibrium was no longer significant. Moreover, combining the three sub-populations using Fisher's method showed no violation of Hardy-Weinberg equilibrium for ASPM (chi-squared=9.8, df=6, P=0.13). These results are compatible with the interpretation that the apparent violation of Hardy-Weinberg equilibrium for ASPM in Caucasians may have been due to random chance rather than to other causes of heterozygote excess such as migration, negative assortative mating or heterozygote advantage (12) . Genotyping error is unlikely since duplicate specimens from each subject gave identical results in all cases. 
Discussion
Our findings suggest that the alleles of MCPH1 and ASPM reported to be under strong selective pressure in modern humans are not major contributors to normal variation in human brain volume. We cannot exclude the possibility that these alleles might balance. Consequently, even if the selected variants of these two genes were known to be associated with a small increase (or decrease) in brain volume, this would not necessarily imply that brain volume as a phenotypic trait is under selective pressure to change.
While the role of recessive mutations of both of these genes in producing microcephaly is undisputed, our findings suggest that it is potentially misleading to refer to either of these genes as controlling, regulating or determining human brain size outside the context of the microcephalic state. The titles of several recent papers notwithstanding (4-10), evidence of positive selective pressure acting on genes known to be associated with human microcephaly and mental retardation does not necessarily imply that such genes account for the variations in brain size or intelligence that are encountered in normal human populations. In future work, it would be informative to investigate the brain and non-brain phenotypes of relatives of patients with microcephaly who lack one normal copy of these genes since this could potentially unmask subtle phenotypic differences related to the remaining normal variant.
Materials and Methods
The research protocol was approved by the UCLA IRB. Subjects, aged 18-39, were recruited through advertisements in nearby communities and on campus. After giving informed consent, subjects were screened to exclude those with a history or physical ANOVA's, Shapiro-Wilk's tests and confidence intervals were performed using the statistical package R (available from http://www.r-project.org/). Heritabilities of brain volume related to genotype were estimated by using the coefficients of the genetic terms in the full fitted ANOVA model to compute the variance attributable to genotype. This variance was then divided by total variance to estimate heritability. For narrow sense heritabilities estimated using an additive genetic model, the monotonic relationship between heritability and the absolute value of the coefficient of the genetic term allows confidence intervals on this coefficient to be used to generate confidence intervals on heritability. Since two independent coefficients contribute to broad sense heritabilities, confidence intervals for broad sense heritability could not be estimated in this way.
